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Abstract 
The imbibition of pea seeds with hydrogen peroxide (H2O2) increased the germination 
as well as the seedling growth, producing an invigoration of the seeds. We propose that 
H2O2 could acts as signalling molecule in the beginning of seed germination involving 
specific changes at proteomic, transcriptomic and hormonal levels. These findings have 
practical implication in the context of seed priming technologies to invigorate low 
vigour seeds. 
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TEXT 
Germination process is associated with many metabolic, cellular, and molecular events, 
coordinated by a complex regulatory network. The reactive oxygen species (ROS) 
production by germinating seeds has often been considered as a negative effect that 
might affect the germination process, but provided that their accumulation is tightly 
regulated by the balance between production and scavenging, these toxic molecules now 
appear as being beneficial for germination.1 
 
Strategies for improving the growth and development of crop species have been 
investigated for many years. Seed priming is a pre-sowing strategy to influence seed 
germination and seedling development by modulating pre-germination metabolic 
activity prior to emergence of the radicle and generally enhances germination rate and 
plant performance.2,3 From a biochemical and molecular point of view, studying 
germination is difficult because a population of seeds does not complete the process 
synchronously.4 Seed priming has been found as technology to enhance rapid and 
uniform emergence, and to achieve high vigour and better yields. This process generally 
causes faster germination and faster field emergence, which has practical agronomic 
implications, notably under adverse germination conditions.5 
 
Effect of ROS-related compound in seed germination and seedling growth 
We have tested the priming effect of several compounds on pea seeds. The assayed 
compound can be divided in three major groups: directly involved in the antioxidative 
metabolism [hydrogen peroxide (H2O2), reduced and oxidized glutathione (GSH, GSSG) 
and ascorbic acid (ASC)]; compounds related with the amino acid cysteine [N-acetylcysteine 
(NAC), thioproline (TP) and L-2-oxo-4-thiazolidine-carboxylic acid (OTC)]; and 
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compounds that trigger the systemic acquired resistance in plants [salicylic acid (SA) 
and its functional analogue benzothiadiazole (BTH)]. 
 
The tripeptide thiol glutathione (GSH) is at the hub of the complex antioxidant networks 
of plant and animal cells, where it participates in the cellular redox signalling networks 
that influence growth, development and defence.6,7 It has long been recognized that ASC 
also exert a strong influence on plant growth and development.8 The GSH synthesis is 
regulated by cysteine availability, thus compounds increasing its contents could produce 
an increase of GSH levels. In this sense, OTC is an artificial cysteine precursor whereas 
TP is a proline analogue that is converted by proline oxidase to N-formyl-L-cysteine 
which is presumably hydrolized to cysteine.9 
 
To carry out this work, pea seeds were imbibed for 24 h in dH2O or in the compounds 
described above at different concentrations. Seeds were then washed twice with dH2O 
and placed in Petri dishes with two layers of filter paper moistened with dH2O. Seeds 
were incubated at 25 ºC for 48 h in darkness, in a Cooled Incubator (MIR-153 Sanyo, 
Osaka, Japan). 
 
Figure 1 shows that, except H2O2, none of the assayed compounds had a positive effect 
on seed germination or seedling growth (measured as fresh weight and length). 
Exogenous H2O2 showed a priming effect in the germination of pea seeds in a concentration 
dependent-manner obtaining more vigorous seedlings, being 20 mM H2O2 the concentration 
that produced the best response in terms of growth (Figure 1). The increase in seedling 
growth by 20 mM H2O2 was also evident 24 h after imbibition (Fig. 2). The priming 
effect of H2O2 was also noticeable at shorter times of imbibition (Table 1). After 12-h of 
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imbibition about 15% of seeds had germinated; however, no germination occurred at 
this time in seeds imbibed in water. At 24-h of imbibition, this percentage had reached 
nearly 75 %, whereas control seed germination remained at low level (Table 1). In 
preliminary experiments, we noticed that H2O2 concentrations higher than 20 mM (i.e. 
40 to 100 mM) also stimulated the germination rate after 24 h imbibition. However, at 
short-term of post-imbibition (6 h) we observed that these H2O2 levels induced a 
pronounced curvature as well as an abnormal growth of the radicle at 24 h and 48 h 
post-imbibition (Fig. 2). In addition, H2O2 concentrations above 100 mM reduced the 
pea seeds germination rate (data not shown). 
 
Interestingly, we observed a differential response depending on when H2O2 was supplied. 
When 5 mM H2O2 was added during the incubation in plates, after imbibition in dH2O, 
the percentage germination was similar to that of control seeds. In contrast, the presence 
of 10 or 20 mM H2O2 in Petri dishes produced a negative effect on germination (Fig. 3). 
 
H2O2 signalling during seed germination 
Numerous recent works show now that ROS would play a key signalling role in the 
achievement of major events of seed life, such as germination or dormancy release. In 
fact, hydrogen peroxide, nitric oxide, hydroxyl radicals and superoxide radicals have 
been shown to accumulate during seed germination in various species.1 Many works 
have reported that exogenous application of H2O2 can improve seed germination in 
many plant species.10,11,12 The interplay between ROS and hormone signaling pathways 
lead to changes in gene expression or in cellular redox status that would play a role in 
the perception of environmental factors by seeds during their germination.1 Recently we 
have shown that H2O2 coordinates the beginning of pea seed germination, acting as a 
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priming factor that involves specific changes at proteome, transcriptome and hormonal 
levels, resulting in an acceleration of the germination process most probably due to 
invigoration of the seeds.13 H2O2 would induce a MAPK-dependent decrease in abcisic 
acid (ABA) contents in the seed as well as the carbonylation of seed storage proteins,13 
favouring their mobilization, and some glycolytic enzymes that could stimulate the 
phosphate pentose pathway (oxPPP).14 The oxPPP activation could provide NADPH for 
the thioredoxin system, involved in seed germination and seedling development.15 
Alternatively, H2O2 could act, directly or indirectly impairing the ABA transport from 
the cotyledon to the embryo inducing a decrease in ABA, stimulating the germination 
process.13 Finally, the decrease in ABA could induce a MAPK-mediated decrease in the 
ethylene precursor 1-aminocyclopropane carboxylic acid, favouring epicotyl and radicle 
emergence by H2O2 treatment.13 
 
As mentioned above, the H2O2 treatment also stimulates the early growth of pea seedlings 
(Table 1). Previously, we have described that the H2O2-induced increase in pea seedling 
growth was correlated with the induction of proteins related to plant growth, cellular 
signalling and cell cycle control (14-3-3 protein, profilin, proteasome, translationally-
controlled tumour protein), as well as with a substantial decrease in the levels of the 
hormones ABA and zeatin-riboside (ZR).16 Moreover, a decrease of a polypeptide with 
homology to an ABA-responsive protein was observed, suggesting an interplay between 
the redox state and plant hormones, orchestrated by H2O2, in the induction of proteins 
related to plant signalling and development during the early growth of pea seedlings.16 
The molecular mechanisms implicated in this differential response remain unclear. They 
are of considerable interest, notably in the context of improving crop yields by invigoration 
seed treatments both in commercial applications2 and in developing countries.17 
6 
 
Acknowledgements 
This work was supported by Fundación Séneca - Agencia de Ciencia y Tecnología de la 
Región de Murcia (projects 05571/PI/07 and 11883/PI/09). GBE thanks CSIC for his 
JAE research fellowship. PDV thanks CSIC for his JAEdoc research contract.  
 
References 
1. Bailly C, El-Maarouf-Bouteau H, Corbineau F. From intracellular signaling networks to 
cell death: the dual role of reactive oxygen species in seed physiology. Compt Rend Biol 
2008; 331:806-14. 
2. Bradford KJ. Manipulation of seed water relations via osmotic priming to improve 
germination under stress conditions. Hort Sci 1986; 21:1105-12. 
3. Taylor AG, Harman GE. Concepts and technologies of selected seed treatments. Ann 
Rev Phytopathol 1990; 28:321-39. 
4. Still DW, Dahal P, Bradford KJ. A single-seed assay for endo-b-mannanase activity 
from tomato endosperm and radicle tissues. Plant Physiol 1997; 113:13-20. 
5. Black M, Bewley JD. Seed Technology and Its Biological Basis. Sheffield Academic 
Press Ltd., Sheffield 2000. 
6. Foyer CH, Noctor G. Redox homeostasis and antioxidant signaling: a metabolic interface 
between stress perception and physiological responses. Plant Cell 2005; 17:1866-75. 
7. Maughan S, Foyer CH. Engineering and genetic approaches to modulating the 
glutathione network in plants. Physiol Plant 2006; 126:382-97. 
8. Pignocchi C, Foyer CH. Apoplastic ascorbate metabolism and its role in regulation of 
cell signalling. Curr Opin Plant Biol 2003; 6:379-89. 
9. Hilton JL, Pillai P, Norman HA. Fate of safening agent L-2-oxothiazolidine-4-carboxylic 
acid in shorgum (Shorghum bicolour). Weed Science 1990: 38:201-5. 
7 
 
10. Fontaine O, Huault C, Pavis N, Billard JP. Dormancy breakage of Hordeum vulgare 
seeds: Effect of hydrogen peroxide and stratification on glutathione level and 
glutathione reductase activity. Plant Physiol Biochem 1994: 32:677-83. 
11. Katzman LS, Taylor AG, Langhans RW. Seed enhancements to improve spinach 
germination. Hort Sci 2001; 36:979-81. 
12. Zeinalabedini M, Majourhat K, Hernández JA, Martínez-Gómez P. Breaking seed 
dormancy in long-term stored seeds from Iranian wild almond species. Seed Sci 
Technol 2009; 37:267-75. 
13. Barba-Espin G, Diaz-Vivancos P, Job D, Belghazi M, Job C, Hernández JA. 
Understanding the role of H2O2 during pea seed germination: a combined proteomic and 
hormone profiling approach. Plant Cell Environm 2011; 34:1907-19. 
14. Job C, Rajjou L, Lovigny Y, Belghazi M, Job D. Patterns of protein oxidation in 
Arabidopsis seeds and during germination. Plant Physiol 2005; 138:790-802. 
15. Lozano RM, Wong JH, Yee BC, Peters A, Kobrehel K, Buchanan BB. New evidence for 
a role for thioredoxin h in germination and seed development. Planta 1996; 200:100-6. 
16. Barba-Espín G, Diaz-Vivancos P, Clemente-Moreno MJ, Albacete A, Faize L, Faize M, 
Pérez-Alfocea F, Hernández JA. Interaction between hydrogen peroxide and plant hormones 
during germination and the early growth of pea seedlings. Plant Cell Environm 2010; 
33:981-94. 
17. Harris D, Joshi A, Khan PA, Gothkar P, Sodhi PS. On-farm seed priming in semi-arid 
agriculture: Development and evaluation in maize, rice and chickpea in India using 
participatory methods. Exp Agr 1999; 35:15-29. 
 
 
 
8 
 
Figure Legends 
Figure 1 
Effect of imbibition with different compounds on the percentage of germination of pea 
seeds (A) and on the fresh weight (B) and length (C) of the seedlings 48 h after 
imbibition. Used treatments concentrations (in mM): H2O2 (5, 10 and 20); GSH (0.125, 
0.250 and 0.500); GSSG (0.0625, 0.125, 0.250); ASC, OTC, NAC, SA and BTH (0.25, 
0.50 and 1). Black, grey and dark grey bars correspond to the lower, intermediate and 
the higher concentrations of each treatment, respectively. Different letters indicate 
statistical significance according to Tukey’s test (P<0.05). 
 
Figure 2 
Effect of H2O2 imbibition (0, 20, 40 and 80 mM) on early pea seedling growth after 
incubation in darkness.  
 
Figure 3 
Percentage of germination of pea seeds after imbibition in the presence of dH2O (0 h) 
and 48 h of incubation in plates in the presence of different H2O2 concentrations.  
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Tables 
Table 1 
Effect of 20 mM H2O2 imbibition on the percentage of pea seed germination at different 
time periods. Four batches of 25 seeds for each treatment were used to calculate the rate 
of germination. 
 
 
 
 
 
 
 
Time (h) Water H2O2 
 6 h 0 0 
Imbibition 12 h 0 14 
 24 h 15 75 
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